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PROGRESSIVE FAILURE STUDIES OF STIFFENED PANELS

SUBJECTED TO SHEAR LOADING

DAMODAR R. AMBUR*, NAVIN JAUNKyt, AND MARK W. HILBURGER$

Abstract. Experimental and analytical results are presented for progressive failure of stiffened compos-

ite panels with and without a notch and subjected to in-plane shear loading well into their postbuckling

regime. Initial geometric imperfections are included in the finite element models. Ply damage modes such

as matrix cracking, fiber-matrix shear, and fiber failure are modeled by degrading the material properties.

Experimental results from the test include strain field data from video image correlation in three dimensions

in addition to other strain and displacement measurements. Results from nonlinear finite element analyses

are compared with experimental data. Good agreement between experimental data and numerical results

are observed for the stitched stiffened composite panels studied.

Key words, composite structures, progressive failure, ply damage mode, buckling, postbuckling, video

image correlation

Subject classification. Structural Mechanics

1. Introduction. The use of composite materials for aircraft primary structures can result in significant

benefits on aircraft structural cost and performance. Such applications of composite materials are expected to

result in a 30-40 percent weight savings and a 10-30 percent cost reduction compared to conventional metallic

structures. However, unlike conventional metallic materials, composite structures fail under different failure

modes such as matrix cracking, fiber-matrix shear failure, fiber failure, and delamination. The initiation of

damage in a composite laminate occurs when a single ply or part of a ply in the laminate fails in any of

these failure modes over a certain region of the structure. The initiation of damage does not mean that the

structure cannot carry any additional load. The residual load bearing capability of the composite structure

from the onset of material failure or initiation of damage to final failure can be quite significant. This may

be due to the fact that some failure modes may be benign and not degrade significantly the performance of

the overall structure. It is at the final failure load that the structure cannot carry any further load. Accurate

determination of failure modes and their progression helps either to devise structural features for damage

containment or to define fail-safe criteria. Therefore, it is important to understand the damage initiation

and progression in composite structures subjected to combined loading conditions.

A summary of the past work in progressive failure studies for the type of structure analyzed and the

loading condition is presented in Ref [1]. In 1987, Talreja [2], Allen et al. [3], and Chang and Chang [4],

independently proposed progressive failure models that describe the accumulation of damage in a composite

laminate by a field of internal state variables. Also in the same year, progressive failure analyses were pre-

sented in References [5] and [6]. The summary indicates that nonlinear geometric effects were not considered

initially. However material nonlinearity was considered in References [4, 7] and [8]. Englestad et al. [9] were

among the first researchers to consider nonlinear geometric effects and subsequently a postbuckling problem
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withprogressivefailure.Experimentalcorelationwithprogressivefailureanalyseswereattemptedatmostly
couponlevel.Comparisonof progressivefailureanalyseswithexperimentaldatafor structuresof realistic
sizewasattemptedin Reference[9]andlaterinReferences[10]and[11].RecentlyinReferences[15]and[16]
experimentalcorelationwithprogressivefailureanalysesfor stiffenedpanelswerepresented.Thisworkwas
primarilyonthick-skincompositepanelswhichdonot bucklebeforefailure.BarannskiandBiggers([1"/])
usedprogressivefailureanalysesto showthat thefailureandbucklingloadof compositepanelssubjected
to compressioncanbeenhancedby appropriatestiffnesstailoring.Progressivefailureanalysesof panels
presentedin References[12,13,14]and[18]indicatethat progressivefailureanalysescanbeusedto better
assesstheloadcarryingabilityofa structureat anadvanceddesignlevel.

Althoughpostbucklinganalysesresultshavebeencomparedextensivelywithexperimentalstudiesby
manyresearchers,workin progressivefailureanalysesfor nonlinearlydeformedstructuressubjectedto
combinedloadingis lacking.Theobjectiveofthispaperisto presentresultsfromprogressivefailurestudies
ofcompositepanelsthat undergolargedeformationspriorto damageinitiationandgrowthwhensubjected
to inplaneshearloading.Anotherobjectiveisalsoto comparestrainfieldsobtainedfromprogressivefailure
analyseswith experimentalstrainfieldsobtainedusinga full-fieldmeasurementtechniqueat variousload
levels.Stiffenedpanelsweredesignedandfabricatedat NASALangleyResearchCenterto elicitthedesired
responseforbucklingandfailureat designloadlevels.

Thefailureanalysisisdescribedfirst followedbya presentationanddiscussionof thenumericaland
experimentalresultsforthestiffenedpanelresponseandfailure.

2. Failure Analysis. Failuremodesin laminatedcompositepanelsarestronglydependentonply
orientation,loadingdirectionandpanelgeometry.Therearefour basicmodesof failurethat occurin a
laminatedcompositestructure.Thesefailuremodesare;matrixcracking,fiber-matrixshearfailure,fiber
failurewhichcouldbeeitherfiberbreakageor fiberbuckling,anddelamination.Delaminationfailure,
however,isnot includedin thepresentstudiessincethestiffenedpanelinvestigatedin thispaperismadeof
through-the-thicknessstitchedmaterial.In orderto simulatedamagegrowthaccurately,thefailureanalysis
mustbeableto predictthefailuremodein eachply andapplythe correspondingreductionin material
stiffnesses.Thefailurecriteriaincludedin thepresentanalysesarethoseproposedbyHashin[19].The
progressivefailureassessmentandimplementationapproacharediscussedin References[1]and[16].For
completeness,theprogressivefailureassessmentandimplementationapproacharesummarizedbelow.

Tosimulatetheabovefailuremodes,theelasticpropertiesaremadeto bedependenton threefield
variables,FV1 through FV3. The first field variable represents the matrix failure, the second the fiber-

matrix shearing failure, and the third the fiber failure. The values of the field variables are set to zero in

the undamaged state. After a failure index has exceeded 1.0, the associated user-defined field variable are

set to 1.0. The associated field variable then continues to have the value of 1.0, even though the stresses

may reduce to values lower than the failure stresses of the material. This procedure ensures that the

damaged material does not heal. The mechanical properties in the damaged area are reduced appropriately,

according to the property degradation model defined in Table 1. The field variables can be made to transit

from 0 (undamaged) to 1 (fully damaged) instantaneously. Hence the material degarde instantaneously

according to Chang and Lessard's degradation model [7] which is used in the present study. The finite

element implementation of this progressive failure analysis was developed for the ABAQUS structural analysis

program using the USDFLD user-written subroutine [20, 21]. The development of the user-written subroutine

is further discussed in References [1] and [16].



3. Numerical Examples.Resultsarepresentedfor twostiffenedpanelssubjectedto in-planeshear
loading.Theskinandstiffenerelementsofthepanelaremadeofoneormorepre-kittedstacksofAS4/3501-
6 graphite-epoxywith [45/- 45/0/90]8stackingsequence.Thefirst panelhasa machinednotchalong
oneof its diagonalsasshownin Figure1, whereasthe secondpanelis undamaged.Theskinis made
upof oneprekittedstack,thestiffenerflangeis madeupof twostacksandthestiffenerbladesaremade
upof threestacks,respectively.Thepanelis stitchedtogetherusingkevlarthreadsthroughouttheskin,
skin/stiffenerflangeregions,andthestiffeners.Thecuredthicknessofeachofthepliesis0.0059,0.01236,and
0.00334inchesforthe±45,0,and90-degreeorientation,respectively.Eachprekittedstackisapproximately
0.055-inchesthickandthenominalmaterialproperties,ply thicknessfractionandplystrengthof eachply
orientationarepresentedinTable2.

A pictureframeis usedto loadthestiffenedpanelin in-planeshear.Thetestsectionof thestiffened
panelis 22.5-in.by22.5-in.andthemembersofthepictureframeare4.0-in.wideand3.35-in.thick.The
fixtureismadeofsteel.Thestiffenedpanelassembledwiththesteeldoublerplatesisshownin Figure1.A
schematicof thepictureframetestfixtureisshownin Figure2. In thefiniteelementmodel,nodesoneach
memberof thepictureframewereconstrainedfortheout-of-planedisplacement.Pinjoint consistsof two
co-incidentnodestiedina multi-pointconstraintat thefourcornersofthepanel.Thedisplacementsofthe
dependentnodearemadethesameasthatoftheindependentnode,buttherotationsareexcludedfromthe
multi-pointconstraints.Theindependentnodediagonallyoppositeto theloadingpinisconstrainedforaxial
andtransversedisplacements.At theloadingpin,applieddisplacementequalinmagnitudein theaxialand
transversedirectionsat theindependentnodesimulatestheloadingcondition.Thetestsectionis modeled
usingtheABAQUSfournode,reducedintegration,shear-deformableS4Relement[21].Themembersofthe
pictureframearemodeledusingABAQUSfournodeshear-deformable$4element[21].

3.1. Stiffenedpanelwith anotch. Thestiffenedpanelwitha5-in.-longnotchwastestedandresults
fromaprogressivefailureanalysiswerecomparedwerecomparedwithexperimentalresultsto validatethe
progressivefailureanalysismethodology.A finiteelementmodelof thepanelis shownin Figure3. This
modelconsistsof3,925nodesand3,'/69elements.Thesizeof thesmallestelementsis 0.02in. by0.05in.
Measuredgeometricimperfectionwasincludedin themodelfortheskinandflangeelements.

Theglobalresponseofthepanelcanbedescribedbythevariationoftheappliedloadandthedisplace-
mentofthe loadingpin ofthepictureframetestfixture.Theexperimentalloadversusdisplacementofthe
loadingpin in thetestsectionin the loadingdirectionis presentedin Figure4. Alsoshownin Figure4 is
theloadversusextensionoftheindependentnodeoftheloadingpingeneratedfromtheProgressiveFailure
Analyses(PFA)results.ThePFAresultsareingoodagreementwiththeexperimentalresultsformostpart
oftheloadingrange.Whilethepanelfailedcatastrophicallyduringthetest,analysisresultsshowagradual
decreasein the loadbeforethepanelfailscatastrophically.Matrixcrackingdamage(FV1)is initiatedat
9.13"/kips,fiber-shearmatrixis initiatedat 10.4"/7kips,andfiberfailureisinitiatedat 11.145kipsascom-
putedbytheprogressivefailureanalysis.Analyticalresultsalsoindicatethat damageinitiatedat thetip
ofthenotchasshownin Figure5. ThefinalfailureloadasobtainedbyPFAis36.53kipscomparedto the
loadvalueof3"/.72kipsfromtheexperiment.

Theexperimentalstraindataat a point5.49-infromthepanelcenterandalongthenotchiscompared
withstrainobtainedfromPFAsimulations.Thisstrain-gagelocationis3.0-in.fromtheuppertip of the
notchandcorrespondsto locationA asshownin Figure5. Thestrainsalongthefiberdirection,([11,and
normalto thefiberdirection,c22,onthetopandbottomsurfacesoftheskinareshownin Figures6 and7,
respectively.Theexperimentalbucklingloadis 2,900lbswhereasthepredictedbucklingloadis2,943lbs.



Thispanelisdesignedto buckleveryearly,andin thebuckledconfigurationdamagefirst initiatesasmatrix
cracking(FV1)at a loadof 9,137lbs.,whichcorrespondsto a highlypostbuckledstate. Therefore,the
damageinitiatedin thepostbucklingregimeasdesigned,anddamageprogressionoccurswhilethestructure
deformednon-linearly.Themeasuredandpredictedstrainsarein goodagreement.

Theexperimentalstraindataat a pointcloseto thepanelcenterandthenotchwhichcorrespondsto
locationB (seeFigure5) iscomparedwithstrainobtainedfromPFAanalysis.Thestrainalongthefiber
direction,([11,onthetopandbottomsurfacesoftheskinisshownin Figure8. Themeasuredandpredicted
strainsarein goodagreementfor mostofthe loadingrange.

Theouterskinsegmentsaroundtheskinsegmentwith thenotchbuckleat ahigherloadthantheskin
segmentwith thenotch. Experimentalstrainnormalto thefiberdirection,c22,onthetop andbottom
surfacesof theskinat LocationD (seeFigure5) arecomparedin Figure9 withstrainresultsfromPFA
analysis.Bucklingof the segmentsoccursafterdamageinitiation. Theanalyticalbucklingloadof the
skinsegmentsoutsidethestiffenersisapproximately13,600lbs,whereas,theexperimentalbucklingloadis
approximately13,500lbs.Thediscrepencybetweenthepredictedstrainsandmeasuredstrainsafterbuckling
couldbedueto theskinthicknessin that segmentbeingthinnerthanthenominalthickness.

Analyticalout-of-planedisplacementcontourplotsarecomparedwithexperimentalcontourplotsfrom
moirefringeinterferometryin Figures10and11,respectively,at afewselectedloads.Theselectedloads
fortheanalyticalcontourplotsarenotexactlythesameastheselectedloadsfor theexperimentalcontour
plots,sincetheywererecordedat differentloadintervals.However,the loadsarecloseto eachother,as
shownin Figures10(a)through10(f)andFigures11(a)Figure11(f). Theanalyticalcontourplotshave
thesametrendfor deformationastheexperimentalcontourplotsandarein goodqualitativeagreement.
ComparingFigure10(a)withFigure11(a),boththeanalyticalcontourplotandtheexperimentalcontour
plot indicatethat theskinsegmentwith thenotchhasbuckledat their correspondingloads.Figure10(c)
andFigure11(c)alsoindicatethat alltheskinsegmentshavealreadybuckledat theircorrespondingloads.

Analyticaldamageplotsfor matrixcracking,fiber-matrixshear,andfiber failurearecomparedin
Figure12withdamageasobservedvisually.Figures12(a)through12(c)showmatrixcracking,fiber-matrix
shear,andfiberfailuredamageplots,respectively,in someselectedplieswithintheskin.Thedarkcontours
representdamagedareas.Figure12(d)showsapictureofthepanelafterfailure.Thecracksthatpropagated
fromthetipsofthenotchwhenthepanelfailedcatastrophicallycanbeseenfromthis figure.Thelocation
oftheobservedcracksmatchtheanalyticallypredicteddamagedareasinFigure12(a)through12(c)which
alsooriginatedfromthetipsofthenotch.

3.2. Stiffenedpanel without a notch. Theresultsfor the stiffenedpanelwithouta notchare
presentedin thissection.VideoImageCorrelationin 3-D (VIC-3D)[22]wasusedontheskinsideof the
panelto providethefull-fielddisplacementresultsof thetest section.Figure13showsthe experimental
setupoftheVIC-3Darrangementwithrespectto thetestpanelandtheloadingmachine.Moreinformation
aboutVIC-3Dcanbefoundin reference[22].

A finiteelementmodelofthepanelisshownin Figure14.Thismodelconsistsof9,673nodesand9,568
elements(Fig. 14(a)).Thesizeof thesmallestelementis 0.10in. by 0.10in. Variousskinsegmentsin
betweenthestiffenersandtheflangesin themodelareshownFigure14(b).Thicknessmeasurementswere
made,andtheaveragethicknessvaluefor eachskinsegmentwascomputedandinputto thefiniteelement
model.Theseaveragethicknessesaregivenin Table3. Measuredgeometricimperfectionwasalsoincluded
in themodelfortheskinandflangeelements.



Twoprogressivefailureanalysesofthepanelwereconductedusingthefiniteelementmodeldescribed
above.In thefirst PFA(PFA-1)thepanelwasloadeduntil completefailure. BasedonPFA-1,it was
foundthatmatrixcrackinginitiatedat 11.32kips,fiber-matrixshearinitiatedat25.11kips,andfiberfailure
initiatedat 26.26kips.Thereforeto studythefailureresponseofthepanel,thetestwasconductedin three
followingsuccessiveruns;

1. In Run-l,thepanelwasloadedupto 12.0kipsandthenunloaded.
2. In Run-2,thepanelwasloadedupto 30.0kipsandthenunloaded.
3. In Run-3,thepanelwasloadedupto failure.

Thesecondprogressivefailureanalysis(PFA-2)wasconductedto mimicthe sequencesfor loadingand
unloadingofthetest. Sincedisplacementcontrolis usedin thePFA,the displacementcorrespondingto
12.0kipsand30.0kipswereobtainedfromPFA-1.Post-processingof PFA-2resultsindicatedthat these
displacementswereverycloseto thoseobtainedat 12.0and30.0kipsfromPFA- 1. Testresultswere
comparedwithsimulationsfromPFA-1andPFA-2to assesstheprogressivefailureanalysis.

Theexperimentalloadversusdisplacementoftheloadingpinofthepictureframeintheloadingdirection
ispresentedinFigure15.Figure15alsoshowsthecorrespondinganalysisresultsfortheloadingpingenerated
fromtheanalyses.TheresultsfromPFA-1andPFA-2areingoodagreementwith theexperimentalresults
formostoftheloadingrange.Whilethepanelfailedsuddenlyandcatastrophicallyduringthetest,results
frombothanalysessuggesta gradualdecreasein the loadbeforethepanelfailscatastrophically.Analyses
resultsalsoindicatethatmatrixcrackingandfiber-shearmatrixandfiberfailuredamagemodesinitiatedat
thelocationshownin Figure16.Thereisa smalldifferencein load-displacementresponsebetweenPFA-1
andPFA-2just beforethecollapseof thepanelandthis is dueto damageaccumulationin thefirst and
secondloadingsequencesof theanalysis.ThefailureloadpredictedbyPFA-1is43.2kips. In PFA-2,the
panelisunloadedfrom30.0kipsbygraduallyreducingthepindisplacementto zero.Thereductioninpanel
stiffnessdueto damageaccumulationresultedin anegativeloadofapproximately2000lbscorrespondingto
zerodisplacement.Sincetheloadwasnot initializedto zero,thepredictedfailureloadfromPFA-2is45.1
kips.Thefailureloadfromtheexperimentis44.2kipsandcompareswellwith resultsfromanalyses.

Theexperimentalstraindataat the panelcenter,whichcorrespondsto LocationA (Figure16)is
comparedwith strainresultsobtainedfromPFA-1andPFA-2simulationsin Figures17(a)and17(b),
respectively.Onlythestrainalongthefiberdirection,([11,andnormalto thefiberdirection,([22,onthetop
surfaceof theskin(stiffenerside)areshownin Figures17(a)and17(b).Theexperimentalbucklingloadis
4,013lbs.whereasthepredictedbucklingloadis3,980lbs.Thispanelbucklesveryearlyanddamagefirst
initiatesasmatrixcracking(FV1)at a loadof 11.32kipswhichcorrespondsto ahighlypostbuckledstate.
Thereforethedamageinitiatedin thepostbucklingregimeandprogressedwhilethe structuredeformed
nonlinearly.ThepredictedstrainsfromPFA-1andPFA-2areingoodagreementwiththemeasuredstrains.

Theexperimentalstraindataat LocationB (Figure16)is comparedin Figure18withstrainresults
obtainedfromPFA-1andPFA-2simulations.Onlythestrainalongthefiberdirection,([11,andnormal
to thefiberdirection,([22,on thetop surfaceof theskin (stiffenerside)areshownin Figure18. Strain
resultsfromPFA-1andfromRun-3of PFA-2(Run-3(PFA-2))arecomparedwith theexperimentalresults
ofRun-3(Exp.).It isseenthat whilethe([11 strains from PFA-1 and PFA-2 are in good agreement with the

experimental results, the ([22 strains from the experiment are in better agreement with the PFA-2 strains

than the strain results from PFA-1. This is due to PFA-2 taking into account the damage accumulation due

to the strain ([22 from Run-l(Exp.) and Run-2(Exp.).



Analyticalfringeplotsofthestrainalongthefiberdirection([11 are compared in Figures 19 through 22

with experimental fringe plots obtained from VIC-3D measurements at a few selected load levels. The blue

patch shown in Figure 19(a) represents the region over which the full-field displacement data was generated.

The VIC-3D measurements captured the displacement field on part of the skin segment D (Figure 14(b))

and do not include the areas close to the stiffener intersections. The strain field was subsequently calculated

from the displacement field. Strain fields obtained from PFA-2 analyses are compared with strain field from

VIC-3D. The strain field at approximately 11.7 kips which is just before the end of Run-l, are compared

in Figure 19. These figures suggest that the strain fields results between the test and analysis compare

very well. The strain field at approximately 30.0 kips, which is just before the end of Run-2, are compared

in Figure 20. A strain concentration in the mid-region of the skin segment between the stiffeners and the

stiffener intersection points can be seen here. The strain fields at approximately 30.0 and 44.0 kips load

levels during Run-3 are compared in Figures 21 and 22. The strain contours and magnitudes suggest that

there is very little difference between panel states from Run-2 to Run-3. Strain concentrations very close

to the critical strain of 0.012 can be seen in Figure 22 near the stiffener intersection points. These strain

concentrations are not seen in the strain field from the VIC-3D measurements did not include areas close

to stiffeners intersections. Although the fringe colors corresponding to the minimum and maximum strain

for the VIC-3D fringe plots and the ABAQUS fringe plots are different, in both plots the ([11 strain ranges

from a minimum of 0.0 to a maximum of 0.0121. The maximum ([11 strain level corresponds to the tensile

strength along the fiber direction. Overall, it can be seen that the predicted and the experimental strain

distribution and magnitude over the area of the panel are in good agreement with each other.

The analysis results suggest that damage first initiates as matrix cracking at the location shown in

Figure 16 at a load of 11.32 kips within the bottom -45 and 0 degree plies. As the load is increased, fiber-

matrix shear and fiber failure damage initiate, at 25.11 kips and 26.26 kips respectively, at the location

shown in Figure 16 within the bottom -45 degree ply. Fringe plot of matrix cracking damage at a load of

approximately 30.0 kips (Run-2) in the top 0 and -45 degree plies are shown in Figure 23(a) and Figure

23(b), respectively. The red fringes indicate damage areas. At this load level, analysis results suggest that

the fiber-matrix shear and fiber failure damage are still limited to the small area shown in Figure 16.

Fringe plots of matrix cracking, fiber-matrix shear, and fiber failure after final failure of the panel are

shown in Figure 24 and 25. As shown in Figure 24, the matrix cracking damage in the -45 degree ply is more

extensive than in the 45 and 90 degree plies. Fringe plots of fiber-matrix shear and fiber failure damage for

the top -45 and 45 degree plies are shown in Figure 25. The fiber failure in the top 45 degree ply as shown in

Figure 25(c) is consistent with the visually observed fiber failure damage around the top stiffener intersection

in the top right corner as shown in Figure 26(a) and with the fiber failure detected by the thermogragh scan

as shown in Figure 26(b). These fiber failures contributed to the catastrophic failure of the panel. Analytical

fiber failure damage plot shown in Figure 27(a) at a load level of 44.1 kips (just before failure) indicates

negligible damage in the top 45 degree ply at the stiffener intersection region as compared to Figure 25(c),

which is a plot of fiber failure damage at 40.5 kips after the panel collapsed. This was captured by the digital

video camera and is shown in Figures 27(b) and 27(c). There is no visible fiber failure in Figure 27(b) at

44.2 kips whereas in Figure 27(c) there is visible fiber failure damage at the same load level of 44.2 kips at

which load the panel failed catastrophically. The yellow region in Figure 26(b) indicates extensive internal

damage to the skin. The extensive matrix cracking as shown in Figure 24 for a few selected plies and the

fiber-matrix shear and fiber failure damage as shown in Figure 25(a) and 25(b) also suggest existence of

panel damage.



4. Concluding Remarks. The results of an analytical and experimental study to evaluate the ini-

tiation and progression of damage in nonlinearly deformed stitched stiffened panels are presented. These

studies are conducted for panels with and without a centrally located diagonal notch and subjected to in-

plane shear loading. The progressive failure methodology included matrix cracking, fiber-matrix shear, and

fiber failure, but ignored delamination failure since the panels were fabricated using through-the-thickness

stitched preforms. Initial geometric imperfections and, to some extent thickness imperfections were included

in the finite element models. Experimental data consisted of displacement measurements, strain measure-

ments, and strain field measurement using VIC-3D system. Damage detection after failure was attempted

on the un-notched panel using a thermographic scan. Progressive failure analyses with successive loading

and unloading sequences to mimic the experimental loading conditions were also performed.

For the stitched stiffened panels loaded in in-plane shear loading, the three failure modes considered in

the study accurately represent the damage scenario in the postbuckling regime. The analytically determined

panel response, failure modes and damage locations compare well with the experimental results. Including

thickness imperfection results in a better agreement between the analytical and the experimental results.

Progressive failure analysis results with sucessive loading and unloading sequences to mimick the experimen-

tal loading conditions are also in good agreement with the experimental results. It was found that these

progressive failure analyses can account for the damage history from a previous loading run.

The predicted and observed damage modes from the test and analyses were in agreement for the notched

panel as well as for the un-notched panel. The progressive failure analyses were able to predict the fiber

failure damage mode that led to catastrophic failure of the panels.
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TABLE1.Dependence of material elastic properties on the field variables

No failure Matrix cracking Fiber-matrix shear Fiber failure

Ell Ell Ell Ell ----_0

E22 E22 --+0 E22 E22 --+0

1212 1212 -----}0 1212 -----}0 1212 -----}0

G12 G12 G12 -----}0 G12 -----}0

G13 G13 G13 -----}0 G13 -----}0

G23 G23 G23 G23 --+0

FVI=0 FVI=I FVI=0 FVI=0

FV2=0 FV2=0 FV2=I FV2=0

FV3=0 FV3=0 FV3=0 FV3=I

TABLE 2. Material properties, ply thickness, and strength of each ply orientation

Ply orientation

±45 ° 0 ° 90 °

Ell (msi) 16.15 16.43 15.97

E22 (msi) 1.60 1.60 1.60

G12 (msi) 0.80 0.80 0.80

G13 (msi) 0.80 0.80 0.80

G23 (msi) 0.40 0.40 0.40

Ull 0.34 0.34 0.34

Thickness fraction 0.2147 0.4491 0.1214

Xt (ksi) 195.75 218.45 180.00

Xc (ksi) 150.00 150.00 150.00

Yt (ksi) 5.0 5.0 5.0

Yc (ksi) 31.0 31.0 31.0

S_12 (ksi) 17.5 17.5 17.5

S_13=S_23 (ksi) 4.8 4.8 4.8

TABLE 3. Average thickness for skin segments

Segment Thickness Segment Thickness

(in.) (in.)

A 0.0564

B 0.0551

C 0.0581

D 0.0631

E 0.0548

F 0.0637

G 0.0556

H 0.0547

G 0.0533
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FIGURE 5. Location of some response measurement points on the stiffened panel with a notch.
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FIGURE 6. Back-to-back strain (e11) results at Location A for notched panel.
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FIGURE 8. Back-to-back strain (e11) results at Location B (Figure 5) for notched panel.
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(a) P=3,670 lbs (b) P=7,109 lbs (c) P=13,785 lbs

(d) P=25,809 lbs (e) P=31,091 lbs (f) P=36,530 lbs

FIGURE 10. Analytical out-of-plane displacement contour plots for the notched panel.

(a) P=4,000 lbs (b) P=7,000 lbs (c) P=14,000 lbs

(d) P=25,000 lbs (e) P=30,000 lbs (f) P=36,300 lbs

FIGURE 11. Experimental out-of-plane displacement contour plot for the notched panel.
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(c) Fiber failure in the bottom 45 ° ply (d) Observed damage

FIGURE 12. Comparison of analytical damage plot and observed damage results for notched panel.

FIGURE 13. Video Image Correlation in 3-D (VIC-3D) arrangement for un-notched panel.
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(a) Full model (b) Skin segment model

FIGURE 14. Finite element model of the un-notched panel.
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(a) VIC-aD (b) ABAQUS

FIGURE 20. Strain (eli) field at approximately 30,000 lbs (Run-2) for un-notched panel.
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FIGURE 21. Strain (eli) field at approximately 30,000 lbs (Run-3) for the un-notched panel.
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17



(a)Top0deg.ply (b)Top-45deg.ply
FIGURE23.Fringe plot of matrix cracking damage at approximately 30,000 lbs (Run-2) for the un-notched panel.

(a) Bottom 45 deg. ply (b) Bottom -45 deg. ply 90 deg. ply

FIGURE 24. Fringe plot of matrix cracking damage after failure (Run-3) for the un-notched panel.

(a) Fiber-matrix shear (b) Fiber failure in (c) Fiber failure in the

in the top -45 deg. ply the top -45 deg. ply top 45 deg. ply

FIGURE 25. Fringe plot of FV2 and FV3 damage after failure (Run-3) for the un-notched panel.
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(a) Visual inspection

(b) Thermographic scan

FIGURE 26. Observed damage after final failure of the un-notched panel.
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(a) Analytical fiber failure damage plot in the top 45 degree ply at 44.1 kips for the un-notched panel

(b) No visible damage

(c) Fiber failure damage

FIGURE 27. Contribution of fiber failure damage to catastrophic failure of the unnotched panel.
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